A pilot heat exchanger -cooling tower prototype was constructed and used for the evaluation of scale inhibitors in the inhibition of calcium carbonate (CaCO 3 ) precipitation and deposition. The chemical additives that were used as inhibitors were 2-phosphonobutane-1,2,4-tricarboxylic acid (PBTC, Dequest 7000), bis(hexamethylene triaminepenta (methylenephosphonic acid)) (BHPMP, Dequest 2090) and two carboxylatebased polymers of the carboxymethyl inulin family (Dequest PB 11615 and PB 11620). The carboxylate-based polymers are "green" additives since they are environmentallyfriendly, non toxic and biodegradable. Experiments were carried out in the absence of inhibitors (control) using local city water, and then in the presence of inhibitors. The inhibitors tested showed variable inhibitory activity in CaCO 3 formation and deposition onto the heat exchanger. This conclusion was based on macroscopic observation (CaCO 3 fouling) and on soluble Ca 2+ measurements. Finally, the role of temperature of the heat exchanger, the heating time and the water flow within the unit were very important factors for CaCO 3 fouling on the heated surface, considering the CaCO 3 inverse solubility features.
Introduction
Industrial water systems face several challenges related to formation of sparingly soluble electrolytes [1] . Cooling water systems, in particular, may suffer from a multitude of problems. Utility plants and manufacturing facilities use "hot" processes for their operations. These processes have to be cooled. Water is the universal cooling medium because it is cost effective and has a high heat capacity [2] . After the cooling water comes in contact with the "hot" process, it needs to be re-cooled for reuse. This cooling is achieved by partial water evaporation. The end result of this process is the concentration of all soluble species found in the recirculating water until they reach a critical point of "scaling", leading to precipitation, and ultimately deposition of mineral salts. The identity of the salt to be deposited depends on water chemistry, and its solubility product, K sp . The species usually associated with these deposits are calcium carbonate, calcium phosphate(s), silica/metal silicates etc. Figure 1 shows representative examples of scale deposits onto industrial heat exchangers and tubes. Such undesirable deposition issues can be avoided with the careful application of chemical water treatment techniques [3] . Prevention of scale formation is greatly preferred by industrial water users to the more costly (and often potentially hazardous) chemical cleaning [4] of the adhered scale, in the aftermath of a scaling event. Classic examples of scales that require laborious (mechanical) and potentially dangerous (hydrofluoric acid) cleaning are silica and silicate salts [5] . Prevention of scale deposit formation can also benefit the water operator by eliminating (or at least by minimizing) unexpected production shut-downs and by offering substantial savings through water conservation (especially in areas with high water costs).
Phosphorous compounds, usually referred to as organic phosphates or phosphonates, are an integral part of a water treatment program [6] . They function as scale inhibitors by adsorbing onto crystal surfaces of insoluble salts and prevent further crystal growth [7] . Polymers are also used as scale inhibitors. They often possess acidic sites, most commonly carboxylic acid residues [8] .
Phosphonates usually contain multiple phosphonate groups (R-PO 3 H 2 , R = organic chain) most commonly found in their deprotonated form, due to the particular pH range of operation (virtually all cooling water programs operate at pH's in the range 7.0 to 9.8). These additives perform scale inhibition in "ppm" quantities and usually work synergistically with dispersant polymers [9] .
Experimental Section
Water chemistry. For the scaling experiments local city water was used that contained 70 ppm Ca and 150 ppm CMI is produced from a chemical reaction with a biopolymer and select reagents [10] . This biopolymer, inulin [11] , is extracted from the roots of the chicory plant (dry matter content: 20 -25%, inulin content: 14.9 -18.3%). Inulin is a polydisperse polysaccharide
Mono-
DiTriring substitution consisting mainly, if not exclusively, of (2→1) fructosyl fructose units with normally, but not necessarily, one glucopyranose unit at the reducing end. It is also known that the fructose molecules are all present in the furanose form. Inulin is used as dietary fiber, fat substitute, sweetener (fructose syrups). Carboxymethylinulin (CMI) has been investigated in a series of acute toxicity (oral rat, > 2000 mg/kg B.W.), sub-acute toxicity (28 days, rat 1000 mg/kg B.W.), mutagenicity (Ames Test, in vitro cytogenetics, no effect) and dermal sensitization studies (guinea pigs, no effect) to evaluate its toxicological profile [12] . All studies followed accepted testing guidelines as recommended by international regulatory agencies (OECD, EEC and US EPA). No significant toxicological findings were evident.
Results of the present toxicity studies with CMI, all conforming to internationally-accepted testing standards, show that the toxicological profile of CMI is consistent with other polycarboxylates used in foods. Among other attractive attributes of CMI, its inherent biodegradability and non-toxicity are most prominent. Data that support these conclusions include: toxicity (ppm) EC 10 > 10000, bacteria (ppm) EC 0 = 2000, Daphnia (ppm) EC 50(24h) = 5500, fish (ppm) LC 0 > 10000 [13] . These results should be contrasted to those obtained for a polyacrylate polymer (M.W. = 1500) commonly used as precipitation inhibitor [14] : toxicity (ppm) EC 10 = 180, bacteria (ppm) EC 0 = 200, Daphnia (ppm) EC 50(24h) = 240, fish (ppm) LC 0 = 200. Dynamic precipitation/deposition experiments. In a previous paper [15] we described the design and construction of a pilot heat exchanger/cooling tower prototype. The system integrates a heat exchanger that can be heated to the desired temperature. Cooling water, by means of a recirculating pump, flows over the heat exchanger, thus performing the cooling action. Then, the "hot water" flows over the cooling tower and, through a sprayer, into the tower fill, where, by means of partial evaporation, is re-cooled. A topside fan assists in the water re-cooling process. The "cooled" water is collected in the tower basin, where it goes on to continue the cooling action onto the heat exchanger.
The dynamic experiments were run for 6 -8 hours, depending on the particular experiment. Samples of the recirculating water were withdrawn, placed into plastic vials and "quenched" with a few drops of concentrated HCl to stop further precipitation. They were then analyzed with Atomic Absorption for calcium.
Control experiments were run first. Then, under identical conditions the same experiments were run in the presence of inhibitors. The inhibitor dosage used was 50 ppm, and the inhibitor was added a few minutes after the start of each experiment in a high flow area. The pH of the recirculating water was not adjusted, but was allowed to acquire the equilibrium value, ~ 8.8.
Results and Discussion

CaCO 3 precipitation and deposition in the absence of inhibitors (control)
During the control experiment the following data were collected, Table 1 . Calcium levels in the course of the control experiment are shown in Figure 3 . Ca levels rise for the first hour up to ~ 100 ppm. This is expected because as water evaporates in the tower fill, the Ca concentration increases (together with all other soluble species). Increase of Ca levels flattens out after the third hour. In theory, they should continue increasing. This means that Ca is "lost" from solution because it forms CaCO 3 onto the heat exchanger. This phenomenon is confirmed by visual inspection of the heat exchanger, where CaCO 3 particle deposits are evident, Figure 4 . 
CaCO 3 precipitation and deposition in the presence of PBTC (Dequest 7000)
A second experiment was run identical to the control, however, 50 ppm of PBTC (Dequest 7000) was added. Collected data are presented in Table 2 . Ca levels during the course of the experiment are shown in Figure 5 and are compared to those of the "control". Table 2 . Physicochemical data collected during the experiment in the presence of PBTC (Dequest 7000). Here, we observe that the Ca levels do not level off, but continue to rise, an indication that there is no precipitation of CaCO 3 on the heat exchanger. The experiment was stopped after 8 hours, with a final Ca level of ~ 160 ppm, more than double the initial Ca level (70 ppm). The heat exchanger was visually inspected, and no CaCO 3 deposits were observed, Figure 6 . 
Dequest 7000 (PBTC)
CaCO 3 precipitation and deposition in the presence of BHPMP (Dequest 2090)
A third experiment was run identical to the control, however, 50 ppm of BHPMP (Dequest 2090) was added. Collected data are presented in Table 3 . Ca levels during the course of the experiment are shown in Figure 7 and are compared to those of the "control". Based on the results of Figure 7 , we observe that the Ca levels do not level off, but continue to rise, an indication that there is no precipitation of CaCO 3 on the heat exchanger. The experiment was stopped after 4.5 hours, with a final Ca level of ~ 160 ppm, more than double the initial Ca level (70 ppm). The heat exchanger was visually inspected, and no CaCO 3 deposits were observed, Figure 8 . 
CaCO 3 precipitation and deposition in the presence of CMI (Dequest PB-11615)
A fourth experiment was run identical to the control, however, 50 ppm of the polymeric inhibitor Dequest PB 11615 was added. Collected data are presented in Table 4 . Ca levels during the course of the experiment are shown in Figure 9 and are compared to those of the "control". It is observed that the Ca levels rise, but at a lower rate than that observed for the previous two inhibitors (PBTC and BHPMP). The trend continues to be upward, with a final Ca level of 145 ppm. Still, this Ca level is sufficiently higher than the control. We can therefore conclude that Dequest PB 11615 is a moderately effective inhibitor of CaCO 3 . Visual inspection of the heat exchanger reveals that it is mostly free of deposits, Figure 10 . 
CaCO 3 precipitation and deposition in the presence of CMI (Dequest PB-11620)
A fifth experiment was run identical to the control, however, 50 ppm of the polymeric inhibitor Dequest PB 11620 was added. Collected data are presented in Table 5 . Ca levels during the course of the experiment are shown in Figure 11 and are compared to those of the "control". Figure 11 . Calcium levels during the experiment in the presence of Dequest PB 11620.
Dequest PB 11620 shows a similar inhibition performance as Dequest PB 11615. The Ca levels rise, but at a lower rate than that observed for the two inhibitors PBTC and BHPMP. The trend continues to be upward, with a final Ca level of 135 ppm. Still, this Ca level is sufficiently higher than the control. We can therefore conclude that Dequest PB 11620 (like PB 11615) is a moderately effective inhibitor of CaCO 3 . Visual inspection of the heat exchanger reveals that it is mostly free of deposits, Figure 12 . 
Conclusions
In this paper we reported the use of a pilot heat exchanger-cooling tower prototype in evaluating CaCO 3 scale inhibitors. The advantage of the utilization of such a system is that the scale inhibitors are tested under real dynamic conditions, taking into account physicochemical variables such as temperature, water flow, and the presence of a heated surface. Such studies offer a more realistic evaluation over bench-top tests, commonly encountered in the literature. Figure 13 presents a comparison of all scale inhibitors studied so far. It appears that the ranking of inhibitor efficiency is:
PBTC  BHPMP > PB-11620 > PB-11615
Although PBTC and BHPMP have dramatically different chemical structures (see Figure 2 ) they exhibit virtually identical inhibitory features. It is possible that the inhibition mechanisms are different for the two inhibitors, albeit yielding the same result. It is also interesting to note that the two "green" polymers of carboxymethyl inulin are acceptable scale inhibitors, with PB-11620 being slightly more effective than PB-11615. This is justified by the higher carboxymethylation degree of PB-11620 compared to that of PB-11615.
Research on scale inhibitors is still active. The current trend is the discovery/design of new inhibitor structures that are both effective and environmentally-friendly. Our group has contributed a number of papers to that effect [16 -21] . 
